We propose and experimentally demonstrate an optical wireless DWDM system at 60 GHz with optical incoherent heterodyne up-conversion using an optical frequency comb. Multiple users with wireline and wireless services are simultaneously supported.
shows the conceptual diagram of the proposed optical fiber-wireless DWDM access system. In the central office, multiple CW lightwaves from λ 1 to λ n separated by 25 GHz are used to carry the baseband data (Inset (i) in Fig. 1 (a) ). An AWG aggregates the signals into a transmission fiber. A second AWG at the access gateway is used to separate the wavelengths that are assigned to specific users. An optical frequency comb from λ 1 ' to λ n ' with 25 GHz frequency separation is employed as a local oscillator (LO) and combined with each incoming signal. Since the shift between λ and λ' is 10 GHz, we observe a 60 GHz separation between the corresponding comb line and the signal, shown in Inset (ii) and (iii) in Fig. 1 . The combined signals are then sent to the wireline/wireless end-users. For the wireline user, the baseband signal is directly detected by a low frequency PD followed by a low-pass filter (LPF). For wireless applications, the signal is sent to the remote antenna unit (RAU), where the heterodyne mixing is performed at a fast-response PD. As shown in Inset (iv) in Fig. 1 , the baseband signal is simultaneously upconverted to different RF bands including X-band, K a -band, V-band and W-band. Signal amplification and filtering are performed to select the on-demand RF band based on the user applications.
An initial characterization of the generated RF signal at 60 GHz is firstly carried out. We use two free-running CW lasers with < 100 kHz linewidth to perform the incoherent heterodyning mixing. Fig. 1 (b) shows the generated RF power as a function of the power ratio between the two lasers. The optimal power ratio between the two lasers is found at 0 dB, meaning that when the two lasers gives equal power, the RF signal is maximized. This result is consistent with our previous theoretical analysis [7] . The RF power with respect to the combined optical power is shown in Fig. 1 (c) , where the lasers power ratio is optimized. Figure 2 shows the experimental setup for a single optical channel. A CW lightwave emitted from a Distributed Feedback Laser (DFB, λ 1 =1548.05 nm) with < 100 kHz linewidth is modulated via an intensity modulator (IM) driven by a 2.5 Gb/s pseudo-random binary sequence (PRBS) electrical signal of length 2 7 -1 to generate an On/OFF keying (OOK) optical baseband signal. An erbium-doped fiber amplifier (EDFA) is employed for amplification, and an optical bandpass filter (OBPF) with 0.8 nm bandwidth is used to filter the out-of-band noise. After that, the signal is transmitted to the access gateway via a 25 km standard single mode fiber (SSMF) link. A second DFB laser (λ 2 =1547.57 nm) with < 100 kHz linewidth is launched into an OFC generator employing an overdriven MachZehnder modulator (MZM). The MZM is biased in its nonlinear region by equalizing the power of the central 3 comb lines that are separated by 25 GHz (Fig. 2. (i) ). After amplification the OFC is combined with the baseband signal at a 3 dB coupler. The separation between the signal and the center comb line is 60 GHz, as shown in Fig. 2. (ii). The signal is then split into two paths, one going directly to the wireline user terminal where a low frequency PD performs O/E conversion of the baseband signal before sending it to the bit-error-ratio tester (BERT) for BER evaluation; the other transmitting to the RAU where the signals heterodyne mixing takes place at a 60 GHz PD. Following photodetection and amplification, a RF filter with 3 dB bandwidth ranging from 56.26 -62 GHz is used to select the up-converted signal centered at 60 GHz. The filtered RF signal then feeds a standard V-band horn antenna of 20 dBi for up to 6 m wireless transmission. An identical horn antenna is used to pick up the signal at the receiver.
Experimental setup and results
In order to detect the RF signal transparently to modulation formats, an electrical mixer is used to perform the down-conversion. and 13 GHz bandwidth. The signal demodulation is performed by offline digital signal processing (DSP). To overcome the frequency jitter that usually occurs with optical incoherent heterodyne mixing, a digital selfheterodyning is firstly performed to further down-convert the IF signal to baseband in the digital domain. The signal then passes a LPF followed by the decision and BER evaluation.
First, the performance of the baseband signal received by the wireline user terminal is evaluated. Figure 3 (a) shows the BER curve of the baseband signal before and after the 25 km SSMF link. Negligible shape distortion of the received eye diagram is seen after the fiber transmission. A power penalty of less than 1 dB is observed coming from the fiber dispersion. We then evaluate the wireless transmission performance. To begin with, we firstly assess the case that the LO is a single optical line instead of the OFC by switching off the 25 GHz generator. The BER curves of different wireless distances from 0.5 m till up to 6 m for both B2B and after 25 km SSMF are shown in Fig. 3 (b) . We can see that for all cases the BER performance yield values below the FEC limit of 2×10 -3 without an apparent BER floor. Compared with B2B, the penalty after 25 km SSMF transmission at the FEC limit is around 2 dB for all wireless distances. After this, we substitute the LO with the OFC generator, while keeping the peak power of each comb line the same level with the single line case. Figure 3 (c) shows the BER performance of the cases that OFC-based LO is employed for signal up-conversion. Similarly, for all cases with and without 25 km SSMF transmission plus up to 6 meters wireless transmission, BERs of well below the FEC limit are achieved. Compared with the single-line LO case, we observe around 3.5 dB difference in performance in terms of sensitivity at the FEC limit. This difference is from the power of the adjacent comb lines, which are filtered out before the wireless transmission. For the case of 25 km SSMF plus 6 meters wireless transmission, the requirement for the received optical power at the BER of 2×10 -3 is 2.5 dBm.
Conclusion
We have proposed an optical fiber-wireless DWDM access system that simultaneously provides wireline and wireless broadband services with no adaptation to the baseband signals while preserving the system flexibility. The 60 GHz mm-wave is generated using the optical incoherent heterodyne up-conversion method with an optical frequency comb-based LO. A 60 GHz signal has been experimentally generated with a LO of 3 comb lines with 25 GHz separation mixing with a 2.5 Gbit/s OOK optical baseband signal. Signal transmission through a 25 km SSMF and up to 6 meters air distances is successfully received with a BER performance well below 2×10 -3 . The optical power penalty for the 60 GHz mm-wave signal after SMF transmission is around 2 dB. Single line_B2B_1m  Single line_B2B_2m  Single line_B2B_3m  Single line_B2B_4m  Single line_B2B_5m  Single line_B2B_6m  Single line_25km_0.5m  Single line_25km_1m  Single line_25km_2m  Single line_25km_3m  Single line_25km_4m  Single line_25km_5m  Single 
